In this paper, a finite-control-set model predictive virtual-flux control (FCS-MPVFC) for a three-phase Vienna rectifier is developed and implemented to achieve voltage sensorless control, which is very robust to distorted grid-side voltage operation. Firstly, by investigating the relationship between virtual-fluxes aroused from grid-side voltages and line voltages in d-q frame, the control object is directly associated with virtual-flux tracking error minimization. Secondly, the reference line virtual-flux is calculated based on the controllability of active/reactive power associated with the delay compensation and load angle. Thirdly, to enhance the steady-state performance, switching sequence rather than single switching vector is utilized during one sampling period. Furthermore, a redundant vector pre-selection is adopted to balance the neutral-point voltage. The proposed strategy is compared with the traditional finite-control-set model predictive current control (FCS-MPCC) method. Both simulated and experimental results verify the effectiveness of the proposed control algorithm.
I. INTRODUCTION
Three-phase Vienna-type rectifier has gained wide attention due to its distinct merits in terms of high-power density, low cost, low input current harmonics, and unity power factor [1] , [2] . Hence, it has been considered as a promising solution that fulfills the demands of high-power applications, such as aircraft, wind generation and telecommunication systems [3] - [5] .
Various control strategies concerning the power factor correction and neutral-point voltage balance have been presented for the Vienna rectifier, including hysteresis current control (HCC), proportional-integral (PI)-based voltage-oriented control (VOC), one cycle control (OCC), direct power control (DPC), and model predictive control (MPC). In particular, the HCC strategy has the drawback of the variable switching frequency that yields design complexity in the passive filter [6] , [7] . In both VOC and DPC strategies [8] , [9] , the input The associate editor coordinating the review of this manuscript and approving it for publication was Tariq Masood . currents require to be decoupled into the active/reactive power producing components. Hence, the steady-state and dynamic performance of these two strategies mainly depend upon the current decoupling technique and precise PI parameters [10] , [11] . Moreover, the VOC method usually requires a phase-locked loop (PLL), voltage/current sensing block, space vector/carrier-based modulation block, thus increasing the computational complexity. Thereafter, a developed OCC scheme is proposed to simplify control structure, aiming at improving the dc-bus voltage utilization and system efficiency [12] . However, in order to maintain the neutral-point voltage balance, an additional neutral-point voltage control loop needs to be introduced. To reduce the cost, sensorless voltage control and sensorless current control schemes are successively introduced [13] - [16] . However, dynamic response and robustness will degrade to some extent, and over voltage/current protection will no longer exist. To further improve the dynamic performance, a DPC algorithm accompanied with sliding mode control is proposed in [17] , where the decomposition of the positive/negative sequence components is presented, which can effectively eliminate both dc-link voltage fluctuation and dc components of the reactive power.
Although numerous control strategies have been proposed, majority of them fail to consider the inherent operating constraints of the Vienna rectifier, whose control objects are depended upon not only the controllable switching states, but also the polarities of input three-phase currents. Once the constraints are ignored, imbalance of dc voltage across the dc-link capacitors may occur that leads to the uncontrollability of the Vienna rectifier, especially under distorted grid-side voltage operation [18] .
Compared with the aforementioned strategies, MPC is characterized with expected dynamic response, feasible implementation of multi-objective optimization and stronger performance in terms of nonlinearities control. Hence, it has been extensively developed in conjunction with active front-end rectifier, matrix converters, and motor drive system during recent decades, and the finite-control-set MPC (FCS-MPC) is a promising one [19] - [23] . In this scheme, the optimized switching state will be directly selected as control input based on different constraints, such as dc-link capacitor voltage balance, current tracking error, torque tracking error, or switching frequency minimization. On the one hand, the complexity of the control system is reduced due to elimination of modulator, and on the other hand, there are only 8 feasible switching states in the threephase Vienna rectifier rather than 27 switching states in the traditional three-level neutral-point-clamped converters. Thus, the FCS-MPC can be considered as a possible alternative control solution in the highly constrained Vienna rectifier.
In [24] , the FCS-MPC strategy is utilized in the inner loop to control the input currents, which is termed as finite-controlset model predictive current control (FCS-MPCC) scheme, and an additional cost function based on the difference between two dc-link capacitor voltages should be established to maintain the neutral-point balance. However, the tuning of weighting factors (especially more than two) is currently an arduous task due to the lack of advanced theoretical analysis. To address and avoid this problem, a redundant vectorselection technique is proposed to eliminate the weighting factor, consequently the FCS-MPCC only takes charge of the input current tracking error [25] . However, in particular, the three-phase Vienna rectifier performance will seriously deteriorate and even out of control if the grid-side voltages are distorted, which is resulted from the fact that the grid-side voltages are directly utilized for the FCS-MPCC algorithm.
Meanwhile, the conventional FCS-MPC method provides limited steady-state performance due to that single vector is applied during one sampling period, and therefore, various advanced FCS-MPC methods have been successively proposed in recent years, such as virtual-vector-based FCS-MPC and duty-ratio-based FCS-MPC [23] , [26] - [33] . In principle, virtual-vector-based FCS-MPC with discrete space vector modulation (DSVM) concept is a promising alternative since it features improved steady-state performance as well as retains discrete nature of converter [29] , [30] . Unfortunately, some issue-related implement-ation should be concerned when this method is employed for Vienna rectifier [32] , [33] . On one hand, the number of evaluated vectors will be inevitably higher (the number of 11-17 in [32] , [33] ), which yields the greater computation pressure. On the other hand, the implementation of the discrete SVM will be theoretically impractical due to the essential requirement of the neutral-point voltage balance algorithm. Comparatively, duty-ratio-based FCS-MPC creates a switching sequence in manner where the optimization problem is directly solved with adjustable duty-ratio, hence avoiding the increased candidate vectors as well as computation pressure [23] , [26] . From this point of view, duty-ratio-based FCS-MPC may be more favored in the high constrained Vienna rectifier.
The main contribution of this work is that finite-control-set model predictive virtual-flux control (FCS-MPVFC) method without grid voltage sensors is firstly studied for Vienna rectifier. The second contribution is to tackle the neutral-point voltage oscillation with redundant vectors pre-selection method, eliminating the weighting factor in the conventional FCS-MPCC for Vienna rectifier. Furthermore, to improve the steady-state performance, a duty-ratio-based strategy realized with the pure algebraic method is developed, which obtains a proper switching sequence.
The rest of the paper is organized as follows. Firstly, the mathematical modelling of the three-phase Vienna rectifier is described in Section II. Then, a conventional FCS-MPCC algorithm is introduced. In section III, a developed FCS-MPVFC strategy is described in detail. Consequently, both the simulated and experimental results of the proposed FCS-MPVFC are given in Section IV and Section V, respectively. Finally, conclusions are made in Section VI. Fig. 1 illustrates the circuit topology of the three-phase Vienna rectifier, which consists of a three-phase diode rectifier, three pairs of controllable switches, three input filter inductors, and two dc-link capacitors. In particular, the rectifier-side voltages (u aN , u bN and u cN , referred to the neutral point N ) are not only related to the controllable switching states but also the polarities of associated input currents, which is due to that the Vienna rectifier is current force commutated. For example, if the switch S a is ON, the phase leg a will be clamped to the dc-link neutral-point N and u aN will be zero. However, if the switch S a is OFF, u aN will be equal to +u dc /2 (i a is positive) or -u dc /2 (i a is negative). The same operating principle can be directly applied to phases b and c.
II. SYSTEM DESCRIPTION OF THREE-PHASE VIENNA RECTIFIER

A. MATHEMATICAL MODELING
According to the equivalent circuit of the three-phase Vienna rectifier as shown in Fig. 2 , the mathematical model of the three-phase Vienna can be derived as
where L is input filter inductance; R is the line resistance; e i and i i (i = a, b, c) are the grid-side voltages and input currents, respectively. To facilitate modeling, denote S i as each controllable switching state. S i = 0 means the switch S i is OFF, while S i = 1 denotes ON. For the sake of convenience, u iN could be performed in a compact way as
where u dc represents the output dc-link voltage, and sgn() is sign function while i i > 0 or i i < 0, sgn(i i ) = 1 or −1, respectively. Due to the presence of the coupling effect among input currents, it is difficult to design the controller in terms of (1). Thus, the currents in (1) formulated in abc frame are then transformed to the expressions in d-q frame, and such a transformation can alleviate the computational burden. With Park's transformation, the equivalent d-q representation of (1) is deduced as
where the subscripts d and q imply the d-q axis components, respectively; ω is grid frequency. Especially, when grid-side voltages e a , e b , and e c are balanced, e d is equivalent to grid phase voltage amplitude E m while e q is zero. Then, the representation of active/reactive powers P/Q can be obtained in (4) . It can be easily demonstrated that if i q is controlled to be zero, unity power factor of Vienna rectifier can be realized since reactive power Q is regulated to zero.
Furthermore, with regard to the dc-link, the voltage difference u dc between the two dc-link capacitors can be expressed as
where C is capacity of the dc-link capacitors (C 1 = C 2 = C).
B. CONVENTIONAL MODEL PREDICTIVE CURRENT CONTROL
To effectively address the implicated operation constraints in the Vienna rectifier, the objective of FCS-MPCC algorithm is involved in the current tracking and neutral-point voltage balance. For the sake of simplicity, the future behavior of the control variables is implemented by the forward Euler method as
where i d (k+1) and i q (k+1) are the predicted currents, and the subscript ''k'' means the kth sampling period; T s is the sampling period.
Similarly, the discrete-time domain for (5) is deduced as
where u dc (k+1) is the predicted voltage difference between dc-link capacitors.
In principle, the FCS-MPCC strategy is mainly composed of two considerable steps: 1) establishing the cost function and 2) solving the optimum control variables. Theoretically, the cost function can be defined flexibly based on the discrete-time models and control objectives. Firstly, to track the desired input currents, the current-error based cost function g 1 can be constructed
where the superscript '' * '' denotes the reference quantities. The i * d can be obtained from the outer loop control of dc-link voltage and i * q = 0 is considered to ensure the unity power factor operation.
Secondly, to maintain the neutral-point voltage balance, the voltage-error based cost function g 2 is described as
where the u * dc is set to zero. To solve the multi-objective optimization problem, a weighting factor λ can be introduced to balance two different dimensional variables in g 1 and g 2 . Thus, the ultimate cost function g in the FCS-MPCC method can be expressed as
It should be noticed that the factor λ can be adjusted and selected according to experience, and the system performance would vary with the change of λ.
The flow chart of the conventional FCS-MPCC algorithm is shown in Fig. 3 , where S=[S a , S b , S c ] means the switching state; the subscript ''j'' denotes the jth switching state within the 8 options of the Vienna rectifier. In addition, g min is the minimum value of the cost function and S op is the optimal switching state, which will be utilized in the next sampling period. 
III. VOLTAGE SENSORLESS MPVFC OF THE THREE PHASE VIENNA RECTIFIER
In particular, the grid-side voltages are directly detected by three voltage sensors and then utilized in decoupling and PLL control in the FCS-MPCC scheme. However, the output performance of Vienna rectifier may deteriorate in case the grid-side voltage is distorted at a certain extent. To address this issue and eliminate the grid-side voltage sensors, VF is adopted as an alternative control variable. Furthermore, excellent control performance will be achieved by the implementation of a proper switching sequence rather than single switching vector during one sampling period. The control diagram of the proposed FCS-MPVFC scheme is presented in Fig. 4 and each part is described in detail as follows. 
A. VIRTUAL-FLUX ESTIMATOR
Due to the similar electric properties, the combination of the grid-side voltage and input filter inductor can be supposed to behave as a virtual AC electric machine [34] . In this manner, the machine stator resistance and leakage inductance can be reasonably replaced with the resistance and inductance of the line filter, and the grid-side voltage can be assumed to be back electromagnetic force induced by an air-gap VF in the virtual machine. Thus, the grid-side VF vectors ψ eα /ψ eβ are defined as (in the stationary reference frame)
where u α /u β represent the rectifier-side voltages in the stationary reference, which are given by
In particular, when the initial value of input signal is nonzero, integration drift may occur due to the fact that a pure integrator is utilized in the VF estimation process as discussed in [35] . Consequently, errors will be generated, which will degrade the performance when VF concept is incorporated in the control scheme. To address this problem, a second-order generalized integrator is considered as an alternative solution in the grid-side VF calculation [36] . Then, the angle of ψ e , termed as θ e , can be calculated using θ e = arctan(ψ eβ /ψ eα ).
According to (11) , the grid-side voltage can be expressed by grid-side VF as e α = −ωψ e sin θ e e β = ωψ e cos θ e (13) In terms of Park's transformation, the equivalent d-q representation of (13) is obtained as
where θ g is the estimated phase angle, θ g = θ e + π/2. It is indicated from (14) that the grid voltage can be estimated from the grid-side VF amplitude and grid frequency.
B. LINE-VF PREDICTION
Substituting (14) into (3), the rectifier-side voltages in the d-q frame can be rewritten as
with
where, ψ sd /ψ sq are defined as line-VF. Accordingly, the load angle σ between the line-VF vector and the grid-side VF vector can be calculated as
Combing (4), (14) and (16), the estimation of input active power P and reactive power Q can be derived as
In general, to achieve unity power factor operation, the reactive power reference Q * should be set to zero. On the other hand, active power reference P * can be acquired from the outer loop of dc-link voltage PI controller. Thereafter, equation (18) should be rewritten as
Then, the amplitude and angle reference of ψ s can be calculated as
Consequently, the line-VF reference value in d-q frame can be only associated with the reference values of line-VF amplitude and angle as
According to the above analysis, it can be found that the active power and reactive power can be theoretically regulated towards desired values in accordance with the values of line-VF amplitude and angle. Then, unity power factor operation and steady output power of the Vienna rectifier can be ensured.
Next, according to (16) , the future line-VF vector at the (k+1)th instant can be deduced as
To obtain the optimal voltage vector, a cost function associated with only the reference and prediction of the d/q-axis line-VF can be constructed as
In the meantime, to reduce the impact of one step delay in digital implementation [26] , tracking error at (k+2)th instant of cost function is conducted. Then, the cost function should be expressed as
where ψ sd (k + 2) and ψ sq (k + 2) are calculated as
C. SWITCHING SEQUENCE DETERMINATION AND DWELL TIME CALCULATION
In particular, the vector selection approach can avoid evaluating all the voltage vectors at each control cycle, and further alleviate the computation burden of the whole prediction process [37] . To identify the sector where the reference voltage vector falls, the rotational angle of rectifier-side voltage should be firstly calculated as
where the reference rectifier-side voltages in the stationary αβ frame can be directly obtained from the ones in the d-q frame as in (23), where the deadbeat-voltage-sector based vector selection method is incorporated, namely, the predicted VF at k+1th is chosen as reference value. Due to the constraints of u iN , the numbers of the active voltage vectors are limited to a subset of switching states at any given time. As depicted in Fig. 6 , the whole αβ plane is divided into six sectors firstly, i.e., {I, II, . . . , VI}, according to the polarities of input currents. For instance, when the polarities of input currents (i a , i b and i c ) are ''+, −, −'', sector I is determined. For reducing the number of the candidate voltage vectors, the αβ plane is further divided into 12 subsectors, i.e. {1, 2, . . . , 12}. Then, the candidate voltage vectors are selected and determined by the angle γ of the reference voltage vector. As illustrated in Fig. 7 , suppose that the reference voltage is located in section 1, it is evident that four voltage vectors V 0, V 1, V 2 and V 3 are closest to the reference voltage vector, which can be selected as candidate voltage vectors. Similarly, when the sector of the reference voltage vector or the polarity of input current varies, the candidate voltage vector can also be determined accordingly. The intrinsic relationship between the sectors and candidate voltage vectors is described in Table 1 .
Although computation time could be reduced obviously from the above analysis, the neutral-point voltage will pulsate due to the redundant characteristic of short voltage vectors as labeled by red in Fig. 6 . Every short vector has two switch states that have opposite effect on u N . For example, the switch states of short vector V 1 are 011 and 100, termed as redundant switch states in sector I as shown in Fig. 8 , where 011 increases u c1 while 100 increases u c2 . Therefore, 011 can be considered as a candidate switch state if u c1 > u c2 and 100 is activated if u c1 < u c2 . Table 2 demonstrates the switch states of the six short vectors in each sector, where V X .P (X = 1, 4, 7, 10, 13, or 16) represents that the switch state of V X will lead to C 1 charging and V X .N means that the switch state of V X will cause C 2 to charge, respectively. To balance the neutral-point voltage, a redundant vector pre-selection is adopted based on the principle as follows: If u c1 > u c2 , V X .P will not be considered in the next sampling period; similarly, if u c1 < u c2 , V X .N will not be considered. In addition, according to the duty-ratio-based FCS-MPC concept [23] , [26] , it is better to apply a proper switching sequence rather than only single switching state in one sampling period, aiming at improving the steady state performance. Here, a pure algebraic method is utilized to calculate the duty ratio without additional cost function like [23] . Meanwhile, compared with [26] , more comprehensive results and process of implementation are provided. Specifically, a switching sequence synthesized by two voltage vectors should locate in a certain sector where the reference vector lies, as shown in Table 1 . Obviously, 2 2 , 3 2 , or 4 2 vector combinations need to be evaluated during one sampling period. With respect to each vector combination, the dwell time of the first vector should be calculated to achieve the optimized switching sequence.
Assuming that the dwell time of the first voltage vector (termed as u 1 ) is t 1 and the second voltage vector (termed as u 2 ) will be applied for t 2 = T s -t 1 , the VF prediction model is re-newly designed as
To obtain the minimized tracking error, the new prediction model should be applied to the cost function. Thereafter, a quadratic function, which is relevant to t 1 , can be obtained as
It has to be noted that t 1 = T s if u 1 and u 2 are identical. Otherwise, according to the principle of extreme value of quadratic function, the value of g will be minimized at the symmetry axis. Consequently, t 1 can be deduced as
Then, the proper one out of all vector combinations and corresponding t 1 can be determined by evaluating the cost function. As a result, an optimized switching sequence can be generated and utilized to control the Vienna rectifier.
IV. SIMULATION VERIFICATION
To validate the effectiveness of the proposed algorithm, the simulations are conducted in a manner where the grid-side voltage is set as 110V/50Hz and a single resistor R L = 50 in conjunction with two ideal capacitors C 1 = C 2 = C = 470µF is utilized in the dc-link. The main parameters used in simulations are listed in Table 3 . Fig. 9 shows the simulation evaluation of VF and grid voltage phase estimation. In Fig. 9(a) , it can be seen that the locus of ψ s in the stationary αβ frame is theoretically smooth after that the system is steady, which indicates that the expected steady and excellent control performance of Vienna rectifier can be achieved by the proposed MPVFC. Then, it can be seen from Fig. 9(b) that grid phase can be estimated accurately by the use of VF, even though the grid-side voltage sensors are eliminated. To test and verify the feasibility and superiority of the proposed algorithm, the steady-state performance comparison between the traditional MPCC and the proposed MPVFC are conducted from Fig. 10 to Fig. 12. Fig. 10 shows the simulated results of input currents. It is clear that negligible low-order harmonics exit in the input current that yields the sinusoidal current excitation. Meanwhile, the total harmonic distortion (THD) of current with the proposed FCS-MPVFC is reduced by about 2.45% when compared with the conventional FCS-MPCC algorithm. This comparison demonstrates that the proposed algorithm can also suppress the harmonic of input current to some extent. Fig. 11 shows the simulation evaluation of the unity power operation with two methods in the case where the grid-side voltage is not distorted. Obviously, both the FCS-MPCC and the proposed FCS-MPVFC can achieve the unity power operation, due to the fact that input current waveform in phase a is strictly synchronized with the phase voltage e a . Moreover, the output voltage can track the desired value of 350 V well and the two dc-link capacitor voltages are approximately equal along with an oscillation within 1 V, hence the neutralpoint voltage balance can be effectively ensured in both FCS-MPCC and FCS-MPVFC schemes. The dynamic performance verification is conducted in a manner where the reference value of dc-link voltage is changed from 350V to 400V at 0.3s. It can be found from Fig. 12 that both the input currents and dc-link voltage can tack the load command promptly. Moreover, unity power factor operation can be consistently maintained during the dynamic response. Meanwhile, the dc-link capacitor voltages are mutually coincided in the voltage boosting period and negligible imbalance occurs during the transient process, hence ensure the effectiveness of the neutral-point voltage balance. The sensitivity of the proposed method to the value of filter inductance is evaluated as presented in Fig. 21 , where the inductance is alternated between 0.2 to 2.0 (p. u.) while that in the prediction model is 1.0. Obviously, it can be noted that THD of around 25% and 11% can be obtained when the inductance is 0.2 and 0.4, respectively. Apart from these two cases, THD within 10% can be generated. As the value of inductance is decreased, THD of phase current will increase. Nevertheless, as the inductance increases, THD will not be obviously affected. On the whole, the proposed method is relatively robust against the inductance variation.
V. EXPERIMENTAL EVALUATION
In order to verify the theoretical expectation of the proposed FCS-MPVFC algorithm, a test prototype of Vienna rectifier with the same parameters listed in Table 3 is conducted as shown in Fig. 14. For ac-side, a variable-frequency power source has been used to emulate the three-phase voltage and a three-phase inductor is utilized as the input filter inductance. In addition, three legs of the Vienna rectifier consist of three SKM300GM12T4 (SEMIKRON) modules. For dc-link, an adjustable power resistor bank is chosen as the load, which is connected in parallel with two 450V/470µF explosion-proof capacitors. Furthermore, two voltage sensors LV25-P combined with three current sensors HAS50-S are utilized to measure the two capacitor voltages and the input currents, respectively. The controller is implemented on dSPACE1104 with the sampling frequency of 8 kHz.
A. VF ESTIMATION
Firstly, VF estimation performance is evaluated given in Fig. 15 . It can be observed that there is negligible ripple and disturbance for the VF estimation in Fig. 15(a) . Meanwhile, the locus of ψ s in the stationary αβ frame is relatively smooth with less distortion as shown in Fig. 15(b) . Thus, voltage sensorless control can be easily implemented in terms of the VF estimation algorithm.
B. STEADY-STATE PERFORMANCE COMPARISON
Next, steady-state performances of FCS-MPCC and the proposed FCS-MPVFC are tested as shown in Fig. 16 . Figs. 16(a) and 16(b) show the input currents via the two distinct types of algorithms along with phase a voltage e a , respectively. Obviously, both methods yield sinusoidal input currents excitation and unity power factor operation can be realized. Meanwhile, as provided in Figs. 16(c) and 16(d) , lower THD within 5% can be generated with the proposed method while THD about 11% is performed using the MPCC. This is in agreement with the theoretical analysis in Section IV.
Figs. 16(e) and 16(f) illustrate the d-and q-axis currents waveforms that are exported to oscilloscope through two digital to analog (D/A) channels. Note that i d and i q are regulated at 7A and 0A, respectively, further indicating that the system is operating in unity power factor. Apparently, i d and i q obtained with proposed FCS-MPVFC perform less pulsation compared to the results achieved via the FCS-MPCC method.
The two dc-link capacitor voltages along with the output voltage are described in Figs. 16(g) and 16(h) . It can be seen that the voltages of two capacitors are theoretically balanced and kept as 175V via both methods, and the output voltage can be accurately regulated at 350 V. These results prove the effectiveness of the proposed neutral-point voltage controller as discussed in section III-C.
C. DYNAMIC PERFORMANCE COMPARISON
In order to investigate the dynamic performance for the proposed method, the cases with dc-link voltage reference step change and load resistance step change are conducted, respectively. Experimental waveforms examined via two methods in the case where the reference value of dc-link voltage is changed from 350 V to 400 V are provided in Fig. 17 . What should be noted from Figs. 17(a) and 17(b) is that the sinusoidal phase currents can be acquired irrespective of the reference value of dc-link voltage. Furthermore, due to the same PI parameters in the outer loop, the dynamic response duration is identical (about 10ms) in both control schemes.
Figs. 17(c) and 17(d) show that i d has a step change immediately when the dynamic operation is initiated. Then, after a short adjustment period, i d is regulated to about 8A, which is consistent with that in Figs. 17(a) and 17(b) . Simultaneously, i q can keep a constant value around 0A during the transient process, which guarantees the unity power factor operation. Nevertheless, lower current ripple can be obtained via the proposed FCS-MPVFC.
As illustrated in Figs. 17(e) and 17(f), with both methods, a smooth dc-link voltage can be achieved even during the dynamic process. Meanwhile, two capacitor voltages are essentially consistent with each other, ensuring the performance in terms of balanced neutral-point voltage. Fig. 18 illustrates the experimental results under the load resistance step change operation (from 50 to 75 ). Figs. 18(c) and 18(d) show the step responses in terms of i d and i q . It has to be noticed that i q is regulated to be zero and can be well kept as 0A during the adjustment process. On the whole, currents can track the reference very well despite of various load resistance.
As evaluated in Figs. 18(e) and 18(f), dc-link voltage is smoothly regulated at 350V, and two capacitor voltages of equal value 175V can be ensured under both preand post-load change conditions. In particular, although the neutral-point voltage fluctuation is slightly greater under the pre-load change condition than that the load resistance is 75 , the neutral-point voltage balance can be well ensured apparently, and thus high quality currents can be attained.
D. ROBUSTNESS COMPARISON
Furthermore, to verify the robustness for the proposed FCS-MPVFC, steady-state performance under the condition where harmonics are injected into grid-side voltage by connecting a diode rectifier in parallel with the grid side is evaluated, and the FFT result of voltage is shown in Fig. 19 . As seen in Fig. 19 , the grid-side voltage has some distortion and the THD is 12.37%, which occurs due to the reactive power brought by diode rectifier. The results with both methods are illustrated in Fig. 20 . Obviously, it can be noted that the currents excited by FCS-MPCC method deteriorated severely, while the currents achieved via the proposed method are considerably sinusoidal. In fact, due to the harmonics are injected into grid-side voltages that are directly sampled and utilized in the PLL, the inaccurate position of dq frame is generated. Hence, the predictive value cannot be precisely calculated at the next sampling period. As a comparison, a second-order generalized integrator is adopted to estimate the fluxes in the proposed FCS-MPVFC as mentioned in section III-A. Thus, low-order harmonics can be eliminated which ensures that the position of dq frame is correct as well as the excellent control performance can be obtained.
Besides, to further investigate robustness of the proposed method, the case with mismatched filter inductance is carried out. Three 2mH inductances are utilized to filter the grid-side voltages while inductance of 5mH is still considered in the prediction model. As shown in Fig. 21 , it should be noted that the input phase current waveforms deteriorate to some extent with both methods. Comparatively, the proposed FCS-MPVFC method can yield a relatively less distortion solution.
VI. CONCLUSION
In this paper, a finite-control-set model predictive virtualflux control (FCS-MPVFC) algorithm is proposed dealing with the complicated operation constraints inherently from the three-phase Vienna rectifier. Considerable simplifica-tion in practical implementation has been made to eliminate the weighting factor and the grid-side voltage sensors. In addition, the control object is directly designed with virtual-flux tracking error minimization in the d-q frame, which is very robust against grid-side voltage distortion. Furthermore, to enhance the steady-state performance, switching sequence rather than single switching vector is utilized during one sampling period according to the three-phase input current direction. Finally, both simulated and experimental results validate the effectiveness of the control system.
